The rapid development of Alpine winter tourism and related infrastructures during the last century raises the question of development prospects against the background of climate change and sustainability. Today, amongst other macroscale forcings, snow is considered a precondition for winter tourism. The aim of this study is to investigate past climate change for four communities in Tyrol in relation to the number of overnight stays, and to compare the variability of the current climate with the bandwidth of future scenarios. This is done by analysing i) trends of air temperature, humidity and snow and ii) the statistical correlation of these parameters with the number of overnight stays. The height and duration of natural snow cover show high interannual variability. As a technical response, snow production has developed rapidly. Applying a Mann-Kendall test to the wet-bulb temperatures recorded at three Tyrolean climate stations reveals that the time frames when snow production is possible have changed most at medium elevations, but have so far not exceeded a few days at the beginning and the end of the winter season. In contrast to summer mean temperatures, winter mean temperatures have not changed significantly during the last 3 decades, and the range of interannual variability was about three times that of the most extreme temperature change calculated for future climate scenarios. Therefore it is very likely that the average future winter climate means will be within the range of the past century's records, and snow cover and temperature changes are minor macroscale forcings, so they are not factors that would delimit the future developments of Alpine winter tourism.
Introduction
After several thousand years of settlement history, the Alpine environment experienced its most significant changes in physical and human terms since the mid -19 th century. The development of transport infrastructures and the transition from an agrarian society to a modern society left its traces not only by changing the landscape in the course of changing modes of land use, but also imprinted themselves on Alpine sociocultural and economical structures. These global changes coincided with climate warming after the Little Ice Age, which had made life difficult for the Alpine agricultural society for several hundred years, up to the glacial maximum observed around 1850.
With the development of roads and railroad connections, the increasing number of tourists, more and more physical and organizational tourist infrastructure developed, e.g. cable cars and travel agencies.
Today, tourism contributes 5.8% to the GDP [1] , a significant share of the Austrian economy. If one includes indirect effects, these are estimated to be about three times the size of the direct effects [2] . Regionally and locally, the relative importance of tourism can be even higher, especially in peripheral, small mountain villages 'at the end of the roads', where other earnings are scarce and difficult to develop under a global trend to urbanization.
The macroscale drivers of tourism identified by Scott and Lemieux [3] include the economic situation, transport, political stability, technological and demographic change, exchange rates, travel limitations and climate change. As an additional factor, the amount of spare time can be considered. The rapid growth of the Alpine tourism industry within the last two centuries triggered the question of the limits of its growth, together with many centuries of discussions about the ecological, sociocultural and economic impacts and drivers.
In recent decades, a variety of concepts for sustainable tourism have been developed [4] . The World Tourism Organisation [5] defined sustainable tourism as tourism 'which meets the need of present tourists and host regions while protecting and enhancing opportunity for the future'. As this definition meets Heinz von Förster's ethical imperative [6] of increasing future possibilities, we will stick to this definition in this study.
Currently, and alongside socioeconomic, ecological and cultural impacts, the limitations of a sustainable development of tourism through climatic change are being discussed. Often, winter tourism is claimed as prime example for the climate sensitivity of tourism, although very different opinions exist on its role for sustainability [7, 8] . While first studies focused on the reliability of natural snow cover [9] , more recent studies pay increasing attention to snow production as an adaption strategy to climate change [10] . Future perspective planning, including climate [11] and socioeconomic [12, 13] changes, and transition management [14] is often done using scenario analysis [15] .
This study aims at sketching the status quo and recent developments in Tyrolean winter tourism together with the development of population, transportation capacities, and climatic parameters. Investigated climatic parameters are snow cover, snow production times derived from time series of air temperatures and humidity. This retrospective part of the study addresses the question if winter tourism in the past was correlated or causally related to climatological parameters. This is an important question for the development of future strategies. If no correlation between climate and tourism development can be found, there is no empirical evidence for an instantaneous appearance of such a relationship. This implies that the investigated data from the past cover most system statuses likely to occur in future. Therefore, the variability of the past system is compared to future climate scenarios, assuming that in a changing climate the absolute frequency of specific system statuses changes, so that the mean system status changes, whereas extreme events remain extreme events in a changed climate.
Status quo: winter tourism in Tyrol
In Northern Tyrol, 84 ski resorts have been operating (Figure 1 Map of the province of Tyrol, ski resorts as defined by official spatial planning figures (red) and climate stations used in this study. The distribution of the ski resorts across the altitudinal range is shown in the insert.
The small community of Schönberg has no ski resort, and about one third of the area is permanent settlement area. In the three other communities, only a few percent of the area falls into that category. In Neustift and Galtür, less than 1% of the total area is used as ski resort, whereas Ischgl uses more than 3% of its area for skiing. After the Second World War rapid population growth set in (Figure 2 ). Today Galtür has the lowest number of inhabitants and the weakest growth, whereas Schönberg is subject to amenity migration from the nearby city of Innsbruck. The highest population growth is found in Neustift. All trends flatten in the last decade. The number of cable cars has been increasing by about 50% to 100% since the 1970s in Galtür, Ischgl and Neustift, but decreasing in Schönberg and in the province of Tyrol as a whole. As in Schönberg, where only one cable car existed, which was closed down, many of the smaller ski resorts in Tyrol with single cable cars shut down as bigger resorts emerged as a result of fusions between neighbouring smaller resorts. In 1992, a moratorium (cable car directive) was passed by the federal government of Tyrol, prohibiting the development of new ski lifts but allowing the replacement of old installations [16] .
Transport capacities increased much more than the numbers of cable cars, as many T-bar lifts were replaced with chair lifts and gondolas. In contrast to surface lifts, transportation by chair lifts and gondolas does not rely on snow cover of the track, so that these cable cars can also be used as shuttles to higher parts of the ski resorts from the valley station, so that often the main ski runs are located at high to medium elevations in the resorts and the connection to the valley station is a single ski track.
The number of overnight stays decreased in Schönberg but increased the three other communities and for the province of Tyrol as a whole. The closing down of the ski lift in Schönberg did not coincide with a decrease in winter overnight stays. The highest increase in winter overnight stays was recorded in Ischgl, which also saw the sharpest increase in transport capacities. Winter overnight stays in Neustift and Galtür are increasing more slowly than in Ischgl. For the province of Tyrol, the growth in winter overnight stays flattens out after 2005, as is the case in Neustift and Galtür. Development of the number of inhabitants, the number of cable cars and the transport capacity of the cable cars in the four communities and for the province of Tyrol.
Summer overnight stays in Tyrol reached a maximum in the late 1980s, exceeding winter overnight stays at the time, but with a decreasing trend since then. In the four communities of the study summer overnight stays have remained approximately at the same level. In Neustift the switch from summer to winter tourism occurred in the mid-1980s, about ten years earlier than for the Development of the number of overnight stays for the summer and the winter season in the four communities and for the whole province of Tyrol.
whole province, in Galtür at the end of the 1970s. In Ischgl, the discrepancies between winter and summer overnight stays are largest. In Schönberg winter and summer converged after an overhang of winter overnight stays in the early years.
Climate and climate change
Climatic parameters recorded at stations located close to the main altitudes of ski resorts are shown here. Generally, long instrumental meteorological time series are available for a limited number of locations and need careful data homogenization to reflect climatic changes. Within the HISATLP data set, time series of temperature and precipitation have been homogenized. From the available stations, season means of air temperature time series for Obergurgl and Galtür are shown here, together with a pair of one valley and one mountain station in Innsbruck and at the nearby Patscherkofel summit to reflect temperature gradients. Unfortunately, measuring snow cover is much more complex than measuring temperature in that the presence of an observer is needed. Therefore most records of snow cover are available for valley stations and there are very few places where snow cover and temperature time series are available. Therefore the locations of the specific records presented in these studies differ but have been selected for a climatologically similar setting and thus representative for the ski resorts.
Snow cover records are presented for Obergurgl and Galtür, Brenner and Dresdner Hütte. The calculation of potential snow production times in this study is based not only on daily air temperatures. As evaporation plays an important role for the freezing of the droplets, air humidity has also to be included. From six investigated Tyrolean stations [17] , snow production times and their temporal changes are presented for the stations at Obergurgl, Patscherkofel and Kitzbühel, representing typical altitudinal ranges for Tyrolean ski resorts.
Temperature
The mean air temperatures [18] in the summer season (June, July and August) present an increasing trend from the 1970s onwards, but are close to stationary for the winter season ( Table 2) . As also evident from Figure 4 , the temperature variability in winter exceeds the summer oscillations, and the temperature gradients between Patscherkofel summit station and the Innsbruck Valley Station are smaller in winter than in summer.
The long-term temperature lapse rate between Patscherkofel summit station and Innsbruck is 0.4 ± 0.3°C per 100 m in winter and 0.6 ± 0.1°C per 100 m in summer for the years 1991 to 2012. Thus temperature differences between different altitude levels are much smaller in winter than in summer, but show higher variability as a result of quite frequently occurring temperature inversions. 
Snow height
Snow height shows a quite high spatial and interannual variability [17] , although mean snow height varies only between 42 cm at the Brenner station and 59 cm at the Dresdner Hütte. The maximum snow height ranges from 140 cm at Brenner to 215 cm at Dresdner Hütte. Figure 5 demonstrates that the high snow heights occur with great variability from year to year without following a general trend and varying from station to station. The snow heights in Obergurgl are often in a similar magnitude as the ones in Galtür, although the station in Galtür is located 351 m lower than the one in Obergurgl. This indicates that altitude as a single parameter is not a good predictor for duration or height of snow. Colour-coded absolute frequency (in days per year) of specific snow heights (black: no day of occurrence, white: 70 days of occurrence).
Snow production
Freezing liquid droplets in the air needs energy exchange between the droplets and the air, involving temperature gradients (air colder than droplet) but also evaporation as main drivers. The conditions for snow production at -2.0°C dry air temperature and 90% relative humidity and +1.0°C dry air temperature and 45% relative humidity, are similar, both corresponding to a wet bulb temperature of -2.5°C. Therefore, neglecting relative humidity and analysing dry air temperatures causes an uncertainty larger than the temperature trend to be expected for the next two decades. The potential snow production time was therefore calculated by Fischer et al. [17] from time series of temperature and relative humidity, which were converted into wet bulb temperatures. Fischer et al. [17] found a limit for snow production at a wet bulb temperature of -2°C.
Olefs et al. [18] investigated past changes in snow production days for six climate stations in Tyrol. They did not just include daily mean values, as today snow production often takes place over night, so that at the beginning of the season daily mean conditions are not good indicators of potential snow production times. In the study of Olefs et al. [18] , interannual variability of snow production turned out to be high for most periods and most stations, while no statistically significant trend could be derived by applying a Mann Kendall analysis. Few changes in snow production times occurred during the main season, and the percentage of days suitable for snow production is high.
Snow production times changed most significantly at mid-range altitudes (~2000 m a.s.l.), with smaller changes at high and low elevations.
For Obergurgl , the potential snow-making days decreased by 22 days per season for Obergurgl, mainly in November (-12 days), and in April (-10 days). During the main season, December to March, the potential snow-making days decreased by only 2 days. Between mid-December and mid-February, the likelihood of snow production days is slightly above 80%. At Patscherkofel (1948 Patscherkofel ( -2007 , a positive trend in wet bulb temperatures has been recorded since the 1970s (+1.5°C), resulting in a significant decrease of 43 days/season in the snow-making days, mainly in November (-13 days) and April (-17 days). In the core season between January and late February, the likelihood for snow production is more than 90%. Early in the winter season, the hours when snow production is possible increase rapidly between the beginning of November and the end of December. Figure 6 shows frequency distributions of wet bulb temperatures for these months, with the area left of the grey bar representing times when snow production is possible. At all three stations, enough snow production hours occur in November to ensure piste preparation (3 days of snow making needed). In December, at all three stations, snow production is possible most of the time. Although the two periods shown by the red broken and the black solid line differ by the number of hours, no significant changes occur in terms of reduction of potential snow production times.
Comparison of climatological parameters and overnight stays
The number of snow days and mean annual snow heights for the stations Brenner and Dresdner Hütte were compared to the number of overnight stays in the communities of Neustift and Schönberg; ditto the snow days in Galtür to the overnight stays in Ischgl. As obvious from the comparison of Figures 3 and 5, overnight stays increase, whereas snow cover shows no significant trends, and thus no significant correlation between overnight stays and snow cover duration or snow height was found. Therefore, the growth trends in overnight stays are very likely related to other factors than snow heights or the number of snow days. As the trends in winter temperatures are stationary, there is also no statistical correlation between the increasing numbers of overnight stays and seasonal temperature means.
Comparison of the past to the expected range of future climate change
The global climate scenarios show a general increase of the mean annual air temperature, but also a high range of variability regarding the quantity of this increase. For the period 2016-2025, temperature increases between about 0.3°C and 1.1°C have been calculated, for the period 2046 to 2055, the values range from 0.5°C to 2.3°C [19] . Even the maximum range of temperature increases is small compared to the observed ranges of seasonal mean temperatures of 7.7°C at Patscherkofel and 9.0°C in Galtür presented above. From this comparison we can conclude that very likely, apart from seasonal extreme values which can occur as a result of specific weather patterns fairly independently of the climatological mean, every future seasonal mean until 2055 is very likely to have occurred in the past century. The future scenarios of snow cover extent have been calculated from the changes in precipitation and temperatures. The range of precipitation changes in the winter season is much higher than that for the temperatures. , Given an uncertainty range of future winter precipitation for the Alps of +/-20%, it even remains unclear whether there is an increase or a decrease in precipitation [20] . Together with the variability of future temperature increases, snow cover trends for the Alps for the years until 2050 remain highly uncertain.
Assuming that extremes in every climate are outliers, it can be concluded that we will have already recorded most of the future winter snow cover durations and snow heights in the past, although possibly at different absolute frequencies.
Discussion and conclusions
The four selected communities are well spread around the Tyrolean average in terms of their proportion of area for ski resorts and they represent different types of communities from peripheral to quite central communities. The growth trends of overnight stays and the dominance of winter overnight stays over summer overnight stays occurred at different times. The comparison with the number of cable cars and the transport capacities shows that the increasing number of overnight stays coincides with increasing transportation capacity, notwithstanding the unclear causality. Ischgl and Galtür are basically located in the same climatological setting and have experienced very different developments in overnight stays.
Taking into account that snow production begun in the early 1990s and today covers about 70% of the total area of ski runs, it is no wonder that the overnight stays do not appear to depend on snow cover. The analysis indicates that within the last 50 years snow production did indeed change, but not in such a way that one could expect significant changes in the main season in the near future.
Past climate variability exceeds the scenarios of climate change for the next decades.
To sum up, a limitation of the still increasing winter tourism will very likely not be caused by climatic changes but by other macroscale forcings. As the effect of the cable car directive demonstrates, policy can play an important role in shaping future possibilities and in dealing with local resources. Sustainable development of winter tourism thus is more closely related to the clever use of local resources, such as settlement areas and business parks or water and energy consumption, than to climate change.
